INTRODUCTION
As one of most serious cancers in the world, bladder cancer leads to hundreds of thousands of death each year. 1 Several kinds of cells exist in the bladder tumor bulk, including bladder cancer stem cells (CSCs). 2 Bladder CSCs induce tumorigenesis vigorously, and nonCSCs cannot. 2 With self-renewal and differentiation capacities, bladder CSCs are the origin of bladder oncogenesis and metastasis. There are several surface markers identified in bladder CSCs, and CD44 is one of the most widely accepted markers. 3 Considering the characteristics of bladder CSCs, scientists have developed several assays to examine bladder CSCs, including side population, sphere formation, tumor propagation, tumor-initiating assay, and transwell-invasion assay. 4 In fetal bovine serum (FBS)-free medium, bladder CSCs can escape anoikis and survive to form stem-like oncospheres. 5 Highly expressing ABCG2 and other pumps, CSCs are resistant to drug treatment. 6 Despite of the importance of bladder CSCs in bladder tumorigenesis and metastasis, the biology of bladder CSCs is unclear.
The activity of CSCs is precisely regulated, and several signaling pathways are involved in CSC self-renewal, including Wnt/b-catenin, Notch, Hedgehog, protein kinase C (PKC), and Hippo/Yap signaling pathways. [7] [8] [9] [10] Some key transcription factors are also modulators for CSC fate determination and self-renewal. 11, 12 Recently, increasing long non-coding RNAs (lncRNAs) are involved in CSC selfrenewal. 13, 14 LncRNAs exert their roles by modulating the stability or activity of partner proteins to regulate the activity of CSC-related pathways. 15 G-protein-coupled receptor (GPCR) signaling is one of the most important pathways in signal transduction, however, its role in bladder CSCs is largely unknown.
Circular RNAs (circRNAs) are a kind of circular RNA molecule and exist in many species. circRNAs were identified a long time ago, and their roles were discovered recently. 16 As a new kind of functional RNA, circRNAs are involved in many physiological and pathological processes, including stemness regulation and tumorigenesis 17 . As oncogenic factors or tumor repressors, 18 circRNAs exert their roles in tumor propagation, metastasis, 19 and radioresistance. 20 circRNAs function via various mechanisms. They regulate the concentration of microRNA (miRNA), 16, 21 modulate the stability or activity of their partners, bind to the target gene promoter, recruit transcription-associated factors, 22 or modulate the expression of target genes. Recently, increasing works revealed the peptide-coding potential of circRNAs, and some circRNAs exert their through the peptide. [23] [24] [25] Although increasing roles of circRNAs were identified, their roles in CSCs are unknown.
Here, we discovered that circGprc5a was upregulated in bladder tumors and bladder CSCs and positively regulated the activity of bladder CSCs. circGprc5a had peptide coding potential and functioned through the peptide. circGprc5a-peptide-Gprc5a could also be targeted for bladder tumor and bladder CSC elimination. All together, our work identified a functional circRNA in bladder tumorigenesis and bladder CSCs, adding a novel layer for bladder CSC regulation and a novel function of circRNA.
RESULTS

circGprc5a Was Upregulated in Bladder Cancer and Bladder CSCs
Increasing incidence and mortality of bladder cancer occur in many countries, and the biological regulation of bladder cancer is largely unknown. circRNAs are modulators in many biological processes. Among the various circRNAs we examined, here we identified a circRNA (hsa_circ_02838, named circGprc5a because its peptide combined with Gprc5a) was upregulated in bladder tumors ( Figures 1A and 1B) . Moreover, the expression of circGprc5a was also related to clinical severity and metastasis of bladder cancer. Most high expression of circGprc5a was detected in advanced bladder tumors and in metastatic tumors ( Figures 1A and 1B) . To deeply examine the expression levels of circGprc5a, bladder tumor tissue array was used for circGprc5a in situ hybridization (ISH), and the results also confirmed the high expression of circGprc5a in bladder cancer and serious bladder cancer ( Figures 1C and  1D ). Interesting, circGprc5a expression was also related to clinical outcome. circGprc5a highly expressed tumors showed bad prognosis, and lowly expressed tumors showed good prognosis ( Figure 1E ).
We then enriched bladder CSCs through surface markers and detected circGprc5a expression, revealing the high expression of circGprc5a in bladder CSCs ( Figure 1F ). Oncospheres were also collected, and circGprc5a was detected by real-time PCR and fluorescence in situ hybridization (FISH) assay. The results also showed a high expression of circGprc5a in the oncosphere ( Figure 1G ). All together, increased circGprc5a expression was observed in bladder tumors and bladder CSCs.
circGprc5a Drove Bladder CSC Self-Renewal
To investigate the role of circGprc5a in bladder CSCs, we generated two circGprc5a knockdown cells and examined the ratios of bladder CSCs through fluorescence-activated cell sorting (FACS). Impaired CSC ratios were detected upon circGprc5a knockdown, indicating the essential role of circGprc5a in CSC maintenance ( Figure 2A ). Sphere-formation assay was also performed, and impaired sphere-formation capacity was observed upon circGprc5a knockdown, revealing the critical role of circGprc5a in sphere formation ( Figures 2B and 2C) . Similarly, circGprc5a
depletion also inhibited the metastasis of bladder CSCs ( Figures  2D and 2E ).
We then generated circGprc5a-overexpressing cells with lentivirus infection and examined bladder CSCs through FACS. On the contrary, with circGprc5a knockdown cells, circGprc5a-overexpressing cells showed higher ratios of bladder CSCs, confirming the role of circGprc5a in bladder CSC maintenance ( Figure 2F ). circGprc5a-overexpressing cells were also utilized to sphere formation and transwell invasion assays, and the results proved the critical role of circGprc5a in bladder self-renewal and invasion capacity ( Figures 2G-2J ). All together, circGprc5a drove the self-renewal and metastasis of bladder CSCs.
circGprc5a Encoded Peptide to Drive CSC Self-Renewal and Metastasis
Increasing evidences proved the peptide-coding potential of circRNAs, and here we also detected the coding potential or (F) circGprc5a-overexpressing cells were established and bladder CSCs were detected. oe, overexpression. (G and H) circGprc5a-overexpressing spheres (G) and sphereformation ratios (H). circGprc5a-overexpressing cells were incubated into sphere-formation medium, and spheres were observed 2 weeks later (G). Sphere-initiating ratios were calculated and shown in (H). (I and J) Transwell assay of circGprc5a-overexpressing cells. circGprc5a-overexpressing cells were used for transwell-invasion assay. 36 hr later, invasive cells were observed (I), and cell numbers were counted (J). *p < 0.05, **p < 0.01, ***p < 0.01 by unpaired one-tailed Student's t test.
circGprc5a. circGprc5a showed strong coding potential ( Figure 3A) , and the peptide sequence was identified as FDTKPMNLCGR. To examine the potential role of circGprc5a-peptide, we generated two circGprc5a mutations and found impaired coding capacities: one is to change the first amino acid "F" to stop codon TAG, and the other is to change the second amino acid "D" to stop codon TAG ( Figure 3B ).
We utilized circGprc5a mutations to examine the role of circGprc5a in bladder CSC maintenance, self-renewal, and metastasis. As shown in Figure 3C , wild-type (WT) circGprc5a overexpression led to an increased CSC ratios, but mutant circGprc5a had no influence on bladder CSC ratios, indicating the critical role of circGprc5a in bladder CSC maintenance. Sphere formation assay showed impaired role of mutate circGprc5a, confirming the critical role of circGprc5a-peptide in sphere formation ( Figures 3D and 3E) . Similarly, the essential role of circGprc5a-peptide in transwell assay was also confirmed ( Figures 3F and 3G ). Taken together, circGprc5a had peptide-coding potential and exerted its role in a peptide-dependent manner.
circGprc5a-Peptide Bound to Gprc5a
To further explore the mechanism of circGprc5a and its peptide, we performed pull-down assay and identified Gprc5a as a partner of circGprc5a through mass spectrum ( Figure 4A ). The combination of circGprc5a-peptide and Gprc5a was confirmed by western blot ( Figure 4B ).
We then explored the expression of Gprc5a in bladder CSCs. As shown in Figures 4C and 4D , Gprc5a was highly expressed in bladder tumors through real-time PCR. Moreover, Gprc5a was most highly expressed in advanced bladder tumors and metastatic bladder tumors, indicating the relation between Gprc5a expression and bladder clinical severity and metastasis ( Figures 4C and 4D ). The high expression of Gprc5a in bladder cancer was confirmed by immunohistochemistry (IHC) ( Figure 4E ). We then enriched bladder CSCs and oncospheres and examined Gprc5a expression with western blot. The results showed that Gprc5a was highly expressed in bladder CSCs and bladder oncospheres ( Figures 4F and 4G ). All together, circGprc5a-peptide bound to Gprc5a that was highly expressed in bladder tumors and bladder CSCs.
Gprc5a Exerted an Essential Role in Bladder CSCs
To detect the role of Gprc5a in bladder CSC self-renewal, we generated Gprc5a knockout cells through CRISPR/Cas9 approach 26 (Figure 5A) . Gprc5a knockout cells showed decreased ratios of bladder CSCs, indicating the essential role of Gprc5a in bladder CSC maintenance ( Figure 5B ). Sphere formation assay was also performed to detect Gprc5a function, and confirmed the essential role of Gprc5a in bladder CSCs ( Figures 5C and 5D) . Similarly, transwell assay also revealed the importance of Gprc5a in bladder tumor metastasis ( Figures 5E and 5F ). In conclusion, Gprc5a was required for bladder CSCs.
Considering the importance of circGprc5a-peptide and the combination of Gprc5a and peptide, we examined the role of Gprc5a in circGprc5a function. We overexpressed circGprc5a in Gprc5a knockout cells and found circGprc5a had no effect on bladder CSC ratios, indicating the importance of Gprc5a in circGprc5a function ( Figure 5G ). Sphere formation assay showed circGprc5a drove the self-renewal of bladder CSCs through Gprc5a-dependent manner ( Figures 5H and 5I) . The essential role of Gprc5a in circGprc5a function was also confirmed by transwell invasion assay ( Figures 5J and  5K ). Taken together, circGprc5a was involved in bladder CSC maintenance, self-renewal, and metastasis through Gprc5a-dependent manner.
A Potential Role of circGprc5a-Peptide-Gprc5a Axis in Bladder CSC Targeting
Considering the important role of circGprc5a-peptide-Gprc5a in bladder CSC maintenance, self-renewal, and metastasis, we examined whether circGprc5a-peptide-Gprc5a signaling can be used for bladder CSC targeting. circGprc5a knockdown and Gprc5a knockout cells showed impaired tumor propagation ( Figure 6A ). The established tumors were obtained for CSC detection and decreased bladder CSCs were found, further confirming the essential role of circGprc5a and Gprc5a in bladder CSC maintenance in vivo ( Figure 6B ). IHC assay confirmed Gprc5a knockout efficiency in established tumors ( Figure 6C ). circGprc5a mutant cells also showed impaired tumor propagation and CSC maintenance ( Figures 6D and 6E) . Taken together, circGprc5a-Gprc5a inhibition led to reduced tumor propagation and bladder CSCs.
We then challenged the role of circGprc5a-peptide-Gprc5a axis in established tumors. circGprc5a and Gprc5a antisense oligos (ASOs) were used to treat 300-mm 3 tumors, and reduced tumor volumes were observed upon circGprc5a/Gprc5a inhibition ( Figure 6F ). All together, circGprc5a-peptide-Gprc5a blockade could be used for bladder targeting and bladder CSC targeting.
DISCUSSION
The self-renewal of bladder CSCs is finely modulated by various regulators. Here, we identified a circRNA in bladder CSCs. circGprc5a was upregulated in bladder tumors and bladder CSCs and played an essential role in bladder CSC self-renewal. Moreover, circGprc5a secreted peptide, which exerted its role in an autocrine manner.
circGprc5a-peptide combined with Gprc5a membrane protein and activated GPCR signaling. circGprc5a-peptide-Gprc5a axis can be used for bladder CSC targeting. Our work identified a functional circRNA in bladder CSC self-renewal, providing a novel regulation of bladder CSCs.
Though increasing signaling pathways are revealed in bladder CSC self-renewal, the role of GPCR signaling in bladder CSCs is unknown. GPCR signaling is the key signaling in signaling transduction and plays a critical role in tumorigenesis. 27 Meanwhile, GPCRs are also involved in stemness regulation. Lgr5, a GPCR, was the marker of progenitor cells within various tissues [28] [29] [30] [31] and its knockout drive was embryonic lethal, 28 indicating the critical role of Lgr5 in stemness regulation and development. CSCs harbor cancer and stem characteristics simultaneously, and some factors involved in tumorigenesis and stemness are modulators of CSCs. 32 Thus, GPCRs probably drive CSC self-renewal. Here, we identified that Gprc5a was a key factor of bladder CSCs. Taking advantage of sphere-formation assay, transwell-invasion assay, tumor-initiation assay, and Gprc5a knockout cells, we validated the essential role of Gprc5a in bladder CSC selfrenewal. Our work proved GPCR signaling as a center signaling pathway in bladder CSCs, adding a new layer for CSC regulation and GPCR function.
circRNAs exert their roles through various functional patterns. 33 Some circRNAs act as miRNA sponges and regulate the concentration of miRNAs. 16, 34 Some circRNAs interact with RNA polymerase II to regulate transcription. 22 Some circRNAs recruit chromatin-remodeling complexes to the promoter region of target genes. 35 Here, we found that circGprc5a produced peptide and exerted its role in a peptide-dependent manner. We constructed circGprc5a mutant cells that showed no peptide-coding potential and found an impaired role of circGpr5a mutations, proving the essential role of circGpr5a in circGprc5a function. To further confirm the role of circGprc5a-peptide, we deleted the expression of Gprc5a, the partner of circGprc5a-peptide. Gprc5a knockout impaired the self-renewal and metastasis of bladder CSCs. Moreover, circGprc5a overexpression has no influence on bladder CSC self-renewal, confirming the critical role of peptideGprc5a in circGprc5a function. The roles of circGprc5a in other biological processes are poorly defined, and it will be interesting to investigate the role of circGprc5a in other processes and whether it functions through peptide-Gprc5c dependent manner.
There are various cells in bladder tumor bulk, and there are large differences between different patients. 36 The heterogeneity of bladder cancer means that most of the transcripts were only highly expressed in a subset of bladder tumors. Here, we identified that circGprc5a was upregulated in most of bladder patients and played essential roles in CSC self-renewal in all six samples identified. Moreover, circGprc5a-peptide-Gprc5a pathways can be used for bladder CSC targeting. The universal function of circGprc5a-peptide-Gprc5a in bladder cancer and other cancers will be investigated further. All together, our work defined the role of circRNAs and GPCRs in the self-renewal of bladder CSCs. For circGprc5a knockdown, the sequences of the circGprc5a junction were used for small hairpin RNA (shRNA) design, and two shRNAs were collected. shRNA was cloned into PSiCoR vector, and transfected into 293T cells for lentivirus package. The purified lentivirus was used for bladder cancer cell infection, and the infected cells were encircled by FACS assay. circGprc5a knockdown efficiency was examined by real-time PCR and then used for functional detection.
MATERIALS AND METHODS
Samples and Cell Lines
Gprc5a Knockout
For Gprc5a knockout, Gprc5a small guide RNAs (sgRNAs) were designed according to an online tool (http://crispr.mit.edu/), purchased from Sangon Company and cloned into lentiCRISPRv2 plasmid. CRRISPR/Cas9 lentivirus was packaged in 293T cells and used to infect bladder cells. The infected cells were selected by puromycin, and knockout efficiency was examined by western blot.
Sphere Formation
Bladder CSC self-renewal was detected by sphere-formation assay. The detected cells were incubated into DMEM/F12 sphere-formation medium, supplemented with 20 ng/mL basic fibroblast growth factor (bFGF), 20 ng/mL epidermal growth factor (EGF), N2, B27, and cultured in low-attached plate for 2 weeks' sphere formation. Spheres (diameter >500 mm) were counted, and sphere-formation ratios were calculated.
Transwell Invasion
Martigel-coated transwells were used for invasion assay. Bladder CSCs were seeded into the wells and cultured in FBS-free medium inside of the wells. FBS-supplemented medium was used outside of the well. 36 hr later, invasive cells that passed Martigel-coated membranes were stained with crystal violet.
Immunohistochemistry 5-mm bladder cancer sections were used for IHC. Samples were treated with xylene, gradient alcohol, and then treated with 3% H 2 O 2 for 30 min. Antigen retrieval was performed using Tris-EDTA buffer for 15 min boiling. The samples were then incubated in Gprc5a primary antibody for 2 hr. After washing with PBS, horseradish peroxidase (HRP)-conjugated secondary antibody was added, and finally, DAB (diaminobenzidine) was used for DAB staining.
Real-Time PCR
RNA was extracted from bladder primary cells, CSCs, and spheres and then reverse-transcripted into cDNA. Gprc5a and circGprc5a primers were designed and obtained from the Sangon Company. For real-time PCR, bladder tumor cDNA was used as template, and the PCR reaction was performed using ABI7300.
Statistical Methods
GraphPad Prism 6, Adobe Photoshop CS6, and ImageJ were used for figure presentation. Excel 2010 was used for data analyses, and data are shown as mean ± SD. Two-tailed t test was used for statistical analysis: *p < 0.05, **p < 0.01, ***p < 0.01, by unpaired one-tailed Student's t test; ns, not significant. For all panels in this work, at least three independent experiments were performed with similar results, and representative experiments are shown.
